The choice of rational designs of pumping units for lifting fluid from a well and the modes of their operation is one of the most urgent tasks in oil production. Despite the large amount of theoretical and extreme research, the solution of the problem in this direction cannot be considered complete, given that the dynamic characteristics of the movement of the well product and the kinematics of the well pumping unit are extremely complex. This article discusses the issue of determining the dynamic forces acting at the rod suspension point, in the new constructive solution of a beamless pumping unit depending on the angle of rotation of the crank and dimensionless kinematic parameter characterizing the relationship of the length of the crank to the length of the working part of the rope and the relative eccentric. Analytical dependencies are proposed to determine the maximum load at the rods suspension point depending on inertial and vibration forces.
Introduction
In 2018, Azerbaijan produced 38 million and 758 thousand tons of crude oil (including gas condensate), which about 80% was operated by sucker-rod pumping unit. The most common drive sucker-rod pump is pumping unit. Every year their number is increasing due to the development of new territory, in particular, marine areas, and in the coming years this trend is expected to continue.
The pumping unit is a mechanism with one degree of freedom; therefore, the law of motion of the balancer and the associated rods column is determined by the geometric and kinematic parameters of the transforming mechanism. Depending on the location of the center of rotation of the cranks relative to the connecting point of rods with the balance bar, the mechanism of the pumping units can be axial or deaxial (offset), which is reflected in the performance of the pumping unit. At offset, or deaxial, crank mechanism the axis of the connecting-rod point with the balance bar does not intersect the axis of the crank shaft, but is displaced by a certain amount (E). Such a mechanism is additionally characterized by the magnitude of the relative eccentricity ( ). The main functional difference is that axial and deaxial types are based on the fact that axial transforming mechanisms reflect the characteristic meaning of continuous upward and downward moving forces are observed. Both schemes of mechanisms have their advantages and disadvantages; therefore, choosing one or the other type of mechanism, they strive to get the greatest benefits from the use of a rod installation in specific field conditions. Along with axial crank mechanism (rocking machines type CК), produced rocking machines with a deaxial scheme (type CКД). In the global industry (especially in the USA), the vast majority of pumping units are produced with a slight deaxial. In recent years, deaxial rocking machines are increasingly being introduced, which in specific field conditions may be preferable to axial.
Literature analysis and problem statement
Rocking machines are an integral technique in the oil industry. At present, various pumping installations are used to operate oil wells in a mechanized way. The most common mechanized method of oil production is a suckerrod pumping machine with balanced individual drives, a machine of mechanical action-the so-called pumping units (CК) (Aliverdizade 1951; Chicherov et al. 1987) . For many years, the studies have described the theory of work, analysis and synthesis of the kinematics of ordinary and unusual balancing individual drives, the law of change of efforts at the rod suspension point, the power calculation of pumping units and design features of typical types of balanced pumping units (Ivanovsky et al. 2002; Mishchenko 2003) .
Various formulas have been utilized in determining the max load at the rod suspension point, depending on the pumping mode (Adonin 1973; Virnovsky 1971; Gimatudinov 1983) . The most common in practice is the static method of calculating the maximum load at the rods suspension point, which are introduced at only the static force of gravity rods and fluid and the inertia force. The known calculation formulas for the maximum load in the upstroke have different spellings depending, mainly, on the method of estimating the inertial loads (the inertia of the fluid is taken into account or not), but the results of calculations on them are approximately the same.
For the kinematic study of the deaxial pumping unit (Abdullaev et al. 2016; Ahmedov et al. 2015; Ahmedov et al. 2018) , the authors proposed new analytical expressions to determine the actual displacement, speed and acceleration of the suspension point of the rod. Several studies present the results of analytical studies and numerical calculations for a deaxial pumping unit.
So, as the elementary theory does not give the exact power calculation of pumping units, a satisfactory method of calculating the loads on the rods suspension point does not yet exist. The task of determining the efforts at the rods suspension point is very difficult. Attempts to solve it accurately lead to complex expressions, usually containing, difficult to define themselves.
The determination of the maximum inertial and vibration loads at the rods suspension point is a special interest.
The purpose and objectives of the study
The aim of the article is to determine the dynamic forces acting at the rods suspension point in a deaxial pumping unit, depending on the angle of rotation of the crank and dimensionless kinematic parameters, characterizing the ratios of the crank length to the connecting-rod length and relative eccentricity and obtaining an analytical expression for rate of dynamic forces.
To achieve this goal, it is necessary to solve the following tasks:
-Evaluation of the displacement, speed and acceleration of the rods suspension point when it is moving up and down in a deaxial pumping unit, depending on the angle of rotation of the crank and dimensionless kinematic parameters, characterizing the ratio of the length of the crank to the rod length and relative eccentricity; -Obtaining analytical expressions for vibration and inertial forces; -Obtaining an analytical expression for estimating the maximum efforts at the rod suspension point.
Determination of the dynamic load acting on the rods during the operation of the well by the sucker-rod pumping unit
One of the main parameters of the pumping unit is the load at the rods suspension point. This parameter largely determines the correct selection of the rocking machine, depending on the operating conditions of the pumping unit. There is a need to know the values of the factors that determine the amount of effort on the horse head (balancer head) and the method of their calculation. The main feature is that the loads acting at the rod suspension point vary in size, depending on the direction of the balancer head. In addition to static loads, due to the weight of the rod column, the fluid column inside the tubing string and the friction forces from the friction of the plunger on the cylinder and the rods on the pipes, dynamic loads act on the horse head (balancer head)-the forces of inertia of the movement of the column of rods, the fluid column and the vibration of the column of rods. The magnitude of these forces is determined by the ratio of the elements of the pumping unit and the number of double strokes. And the friction force is 2-5% of the magnitude of the static forces. During the downhole pump operation cycle, loads on a column of pumping rods act as remain constant in size and direction throughout the entire cycle or a significant part of it, as well as variables. To constant or static loads, it is customary to attribute the weight of the rods column in a fluid (G rod ) , weight of a lifted fluid column (G fl ), and the load from the friction of the rods on the walls of the lifting pipe G fr⋅p and from the friction of the plunger in the cylinder G fr⋅c . And variable loads include G in , due to the variable in magnitude and direction of the speed of movement of the system "rod-plunger," vibration load G vib due to oscillatory processes occurring in the rod column under the impact of shock application and removal of hydrostatic load on the plunger, load from friction of the rods in the fluid G fr⋅fl and force of hydraulic resistance G h caused by the pressure drop in the discharge valve when the fluid moves.
Given the listed loads, we can write general formulas for determining the force at the rods suspension point when the rods move up and down:
The calculation of the components of the friction force should be carried out for each specific case and is rather laborious. At the same time, not all components are significant in the general friction force, but require extensive information for the calculation, which is not always available.
Currently, there is no universal methodology for calculating extreme loads (maximum G max and minimum G min ), which would take into account all the enumerated force components acting on the rod string. However, extreme studies conducted in bench wells, and static processing of real field data made it possible to revealed that for a wide range of operating conditions of pumping plants and their operating modes in normal wells, the formulas of Virnovsky are most accurate (Virnovsky 1971):
During the reciprocating movement of the rod, in addition to its own weight and the weight of the fluid column, which are static loads, the mechanical system is also loaded with dynamic forces that cause additional elastic deformations of the rods. The presence of dynamic loads arising from the uneven movement of the masses of the rods column, the uneven movement of the masses of the fluid column, as well as the rapid application and removal of the load from the weight of the fluid column when the plunger starts to move up and down, causes the rods of this mechanical system to vibrate.
Therefore, a comparative assessment of inertial and vibration loads caused by uneven movement of the masses of the rod column and the fluid column, taking into account the (1)
elastic deformations of the rods and pipes during one cycle of operation of the mechanical drive of the pumping, is of undoubted practical interest. 
Determination of vibration forces in the pumping unit
To determine the additional load at the rods suspension point from the vibration of the rods column during upstroke due to the sudden application of gravity of the fluid column above the plunger to their lower end for the pumping modes used, it will be determined by the formula (Aliverdizade 1951; Chicherov et al. 1987) :
where C-the speed of sound in the metal; v-the speed of rods suspension point at the end of the deformation at the upstroke; -coefficient depending on the ratio of the crosssectional areas of pump tubes and rods
the relative eccentric (Gimatudinov 1983; Abdullaev et al. 2016; Ahmedov et al. 2015) . For a deaxial pumping unit, the displacement of the rod suspension point is determined by the following expression:
where r-crank radius; -the angular velocity of the crank; -crank angle rotation; = r l -dimensionless kinematic parameter characterizing the relationship of the crank length to the length of the working part of the rope of the pumping unit; = E r -relative eccentricity; E-deaxial value. In pumping units with the same r and , the movement of the rods suspension point in the deaxial mechanisms is slightly larger than in the case of axial ones.
To determine the speed of the rods suspension point, we differentiate expression (6) where G rod -the force of gravity in the air bars; G fl -the force of gravity of the fluid displaced by rods; A pl -sectional area of the plunger; A p -sectional area of the pumping pipe;
A rod -sectional area of the rod;
-dimensionless parameters which characterized the ratio of the diameter of the plunger and the pipe to the diameter of the rod. The intensity of oscillations caused by the speed of the pump valves largely depends on the speed of the rod suspension point. Practice shows that sometimes it is sufficient to increase or decrease the number of swings of the rod suspension point by only one per minute so that the load on the rod decreases.
In many tasks of the dynamics of transforming mechanisms of the pumping unit, it is more convenient to use relations in which the displacement of the rod suspension point S is a function of the angle of rotation of the crank depending on the dimensionless kinematic parameter and
Based on the calculation results, taking into account Eqs. (6) and (7) are constructed graphs of displacement (S) (Fig. 1 ) and the (v) velocity (Fig. 2) the rods suspension point on the angle of rotation of the crank ( ) of the pumping unit at r = 0.5 m, = 0.732 sec −1 for different values of the dimensionless kinematic parameter and the relative eccentric .
As can be seen from these figures with a relative eccentricity = 0 , we have a special case for the axial mechanism. In this case, the maximum value of the displacement of the rods suspension point is practically equal to S = 2r (Fig. 1a) , which corresponds to the angle of rotation of the crank at = 180 • . In this case, when the rods suspension point is moved up and down the angles of rotation of the crank equally 1 = � 1 , , and an extreme value of the speed of rods suspension point, respectively, obtained by rotating crank = 90 • ; = 270 • (Fig. 1a ). However, as the relative eccentricity ( ) and dimensionless kinematic parameter ( ) crank rotation angles differ 1 ≠ ′ 1 increases and the speed of movement of the rod suspension point to vary crank angle corresponding to these values (deaxial mechanism). As can be seen from the graphs with = 0.4 and = 2 , the maximum value of the displacement of the rods suspension point in this case increases almost to S ≈ 3r (Fig. 1c ). This is explained by the fact that the greatest displacement of the rods suspension point is achieved not at = 180 • , but at = 132 • (Fig. 1c ). In this case, the speed of the rods suspension point will receive extreme values, respectively, at the angles of rotation of the crank to = 49 • 33 � and = 240 • 42 � (Fig. 2c ) For the analytical determination of the angles of rotation of the crank at which the speed of the rods suspension point turns out to be extreme, we find by equating to zero the derivative of the right side of Eq. (7) From where Expressing the trigonometric function sine through the tangent of the half argument, we get by replacing tg 2 = x , we get If we replace (1 − ) = A, 2 = B, 6 = C and −(1 + ) = D, we obtain the following equation of the fourth degree There are various ways to find the roots of this equation, respectively, the values of the angles of rotation of the crank at which the piston speed v turns out to be extreme (for example, the method of auxiliary coefficients, Ferrari, Descartes-Euler, Laguerre or using an online calculator, introducing the coefficients A, B, C, D).
The speed of the rods suspension point and the angles of rotation of the crank corresponding to this value for different values of and are given in Table 1 .
According to the found value of the speed of the rods suspension point, we get the vibration force during upstroke:
Based on the calculations performed for a deaxial pumping unit, it was found that for different values of relative eccentricity (ε = 0; ε = 0.5; ε = 1.0; ε = 1.5 and ε = 2.0) and dimensionless kinematic parameter (λ = 0.1, λ = 0.25 and (10) 2 2x 
4⋅2.5⋅30
Sn = Sn 24⋅60 = Sn 1440 then the expression of the dynamic force in upstroke will take the form
Determination of inertia forces in the pumping unit
Consider the change in the inertial load acting on the polished rod during the operation of the well sucker-rod pumping unit. The value of inertial loads in the column of rods depends on the type of pumping unit and on the direction of rotation of the crank.
We denote the inertial force in the rods suspension point on the upstroke-G in⋅u , on the downstroke-G in⋅d and define the dynamic forces
where a-acceleration of the rods suspension point; gacceleration of gravity.
To find acceleration of the rods suspension point for deaxial pumping unit, we differentiate expression (7) by time Consider how the acceleration of the rods suspension point varies with up-and downstroke depending on the angle of rotation of the crank . Figure 3 shows a graph of the acceleration of the rods suspension point (a) on the angle of rotation ( ) of the crank. As can be seen from Fig. 3a , with relative eccentricity = 0 (axial mechanism), the extreme value of acceleration is obtained by turning the crank by = 0 • and = 180 • . However, increasing both the relative eccentricity and kinematic dimensionless parameter increases acceleration of the rods suspension point and crank angle is changed corresponding to the value (deaxial mechanism). As shown in the graphs, at = 0.25 and = 2 , the extreme values of acceleration are obtained not at = 0 • and = 180 • , but by turning the crank to = 127 • 46 � and = 345 • 46� (Fig. 3b ). When = 0.4 and = 2 , the acceleration of the rods suspension point increases sharply and the angle of rotation of the crank corresponding to this value changes. As can be seen from the 
graphs, the extreme value of the acceleration of the rods suspension point in this case is obtained when the angle of rotation of the crank at = 113 • 50 � and = 342 • 25 � (Fig. 3c ).
For the analytical determination of the values of rotation angles of the crank at which the acceleration of the piston a turns out to be extreme, we find that the derivative with respect to from the right side of the equation is equal to zero From where Expressing the trigonometric function sine through the tangent of the half argument, we get by replacing tg 2 = x , we get If we replace = A ; 2(1 − 4 ) = B and 2(1 + 4 ) = C we get the following equation of the fourth degree
The values of the acceleration of the rods suspension point and the angles of rotation of the crank corresponding to this value for different values of and are given in Table 2 .
According to the found value of mass and acceleration, we obtain a dynamic force during the upstroke Dynamic force on the downstroke Based on the calculations performed for a deaxial rocking machine, it was found that for different values of relative eccentricity and dimensionless kinematic parameter, the maximum displacement of the rods suspension point is S max = (2.0 … 3.0)r, and its maximum acceleration at the highest value of the dimensionless kinematic parameter varies within a max = (1.41 … 1.52)r 2 . Therefore, with average values of displacement S ≈ 2.5r and acceleration a max ≈ 1.47r 2 , the expression of inertial force takes the following form: on the upstroke on the downstroke 
(23) G in = S ⋅ 2 ⋅ n 2 2.5 ⋅ 30 2 g 1.47 G rod + G fl Fig. 3 The graphs of the acceleration of the rod suspension point a E on the angle of rotation of the crank ( ) where S-the movement of the rods suspension point; nnumber of double moves of pumping unit. If given that the values of 2 = 9.87 and g = 9.81 are approximately equal, they can be reduced. Because of 2.5⋅30 2 1.47 = 1530 , the expression of dynamic force at the upstroke takes the form And on the downstroke where a g = d = Sn 2 1530 -dynamic factor. From (25) and (26), it follows that the dynamic factor and inertial load increase in proportion to the length of the stroke and the square of the number of double strokes of the pumping unit.
Then considering the listed load, we can record efforts at the rods suspension point on the upstroke And on the downstroke
Results
1. Based on the obtained analytical dependencies, it has been proved that changes in the magnitude of dynamic loads per cycle at given geometrical values of the pumping unit and its mode of operation depend not only on the angle of rotation of the crank , but also on the dimensionless kinematic parameter and relative eccentricity . 2. It is found that the maximum value of the dynamic load when = 0 and = 0.1 is achieved with angles of rotation of the crank = 0 • , 180 • , 360 • . And with an increase in the relative eccentricity, the angles of rotation of the crank corresponding to the maximum value of the dynamic forces are max = 162 • − 175 • and max = 351 • − 357 • . 3. With an increase in the dimensionless kinematic parameter , the maximum value of dynamic loads increases dramatically. Because of, at = 0.25 , the angles of rotation of the crank corresponding to the maximum value of the dynamic forces are max = 127 • − 145 • and max = 345 • − 356 • , and at = 0.4 it is max = 113 • − 122 • and max = 342 • − 355 • . 4. The proposed analytical expressions allow to determine the value of the maximum dynamic force at the rods suspension point, depending on the value of static loads. 5. Based on the proposed methodology, determined the real maximum load acting at the rods suspension point of a deaxial pumping unit, taking into account inertial and vibration loads. 6. The results of the calculations allow to be guided in determining the maximum load acting at the rods suspension point and the choice of the appropriate size of the pumping unit. 
